Fluorescence emission spectra are reported for benzolrst]dinaphtho[2,1,-8,7defg;2',l',8',7'ijkl]pentaphene, dibenzo[a, rst]naphtho[8,1,2cde]pentaphene, dibenzo[fg, ij]pentaphene (also called dibenzo[b,n]perylene), dibenzo[de, kl]naphtho[1,2,3,4rst]pentaphene, dibenzo[h,rst]pentaphene, pyranthrene, tetrabenzo[de,hi,op,st]pentacene, and dinaphtho[2,1,8,7de fg;2',l',8',7'opqr]pentacene dissolved in various organic solvents. Results of these measurements are used to screen PAHs for potential solvent polarity behavior. Of the eight PAHs examined, only dibenzo-[h,rst]pentaphene exhibited probe behavior as evidenced by selective, systematic emission intensity enhancement of band I with increasing solvent polarity. Index Headings: Fluorescence; Spectroscopic techniques.
INTRODUCTION
Fluorescence spectroscopy is an extremely versatile, sensitive experimental technique used in identification/ quantification of numerous environmentally important polycyclic aromatic hydrocarbons (PAHs), polycyclic aromatic nitrogen heterocycles (PANHs), and polycyclic aromatic sulfur heterocycles (PASHs). Earlier papers ~-~ have been primarily concerned with measuring the photophysical behavior of dissolved PAH solutes in order to identify probe molecules for future applications. The emission spectrum of the PAH monomer consists of several major vibronic bands labeled I, II, etc., in progressive order, starting with the 0-0 vibronic band. Previous measurements revealed that pyrene, benzo[ghi]perylene, ovalene, coronene, benzo[a]coronene, naphtho [8,1,2abc ]coronene, naphtho [2,3a] [5,4,3,2efghi ]perylene exhibit selective emission intensity enhancement of vibronic band I relative to band III (or band II or IV) in polar solvents. The ratio of emission intensities serves as a quantitative measure of solvent polarity and structure. Interestingly, not all PAH, PASH and PANH molecules behave in a similar fashion. Various emission intensity ratios of perylene, dibenzo[bc,ef]coronene, benzo[a]pyrene, benzo[pqr]naphtho [8,1,2bcd] perylene, 1-azapyrene, 2-azapyrene, 4-azapyrene, and several other PAHs remained essentially constant, irrespective of solvent polarity. Our measurements have further revealed that PASH molecules behave differently than their PAH counterparts, perhaps Received 23 October 1990 . * Author to whom correspondence should be sent. because of either the reduced "double bond conjugation" or the 7r* -~ n transitions arising from the divalent sulfur atoms. Emission spectra of thianthrene, 1,6-dithiapyrene, 1,7-dithiaperylene, and 3,10-dithiaperylene contained relatively few bands of low emission intensity. Significant band broadening and very poor spectral resolution were noted in many of the more polar solvents examined.
PAH identification and quantification in unknown mixtures requires accurate fluorescence emission intensity measurements and availability of a large spectral data file for comparing the unknown's spectrum against PAH standards. Kalman filtering and Gaussian or other curve-fitting techniques may be needed to uncouple overlapping spectra if more than one fluorescent species is present. 9-13 To prevent misidentification, the data file should include both polar and nonpolar solvents since electronic interactions between a solvent dipole and an excited PAH solute can lead to spectral distortions, wavelength shifts, and/or intensity ratio variations. Solvent-induced fluorescent spectral changes can be rationalized qualitatively in a relatively straightforward manner. Excitation promotes the PAH solute from a ground state of low dipole moment to one of the vibrational levels of the first electronic excited state, S:, with an accompanying electron distribution in the surrounding solvent molecules. Insufficient time exists, however, for solvational-sphere molecules to physically reorient with the new PAH dipole moment. Relaxation from the vibrationally excited S: level to the excited S~ level occurs whenever solvent molecules rotationally reorient to a more stable dipole configuration during the excited state's lifetime. Emission of the fluorescent photon returns both the PAH molecule to the ground Sv state and solvational molecules to their initial electronic configuration. Subsequent rotation of solvent molecules back to the groundstate dipole orientation restores the system to its original state. Transition probabilities and energy separations between the different energy levels vary with each solutesolvent pair, and give rise to observed intensity ratio changes and emission wavelength shifts. 13, 14 To better understand the photophysical properties of PAHs dissolved in fluid solutions at the molecular level, we initiated a series of studies designed to identify PAH solutes exhibiting solvent polarity probe behavior as evidenced by selective emission intensity enhancement of the I vibronic band. Thus far, the enhancement phenom- the nonpolar n-hexadecane hydrocarbon to the moderately polar butyl acetate and dichloromethane solvents to the very polar dimethyl sulfoxide. The selection of this particular set of four solvents differs somewhat from our initial recommendations of using cyclohexane, methanol, carbon tetrachloride, and dimethyl sulfoxide to screen PAHs for possible probe behavior. Unfortunately, the larger solutes do not readily redissolve into cyclohexane and methanol from the test tube walls, and it was difficult to measure accurately the fluorescence emission intensities of many of the weaker bands, even at the higher detector sensitivity on the Shimadzu spectrofluorometer. To overcome this problem, we replaced cyclohexane (Py = 0.58) TM In dichloromethane major emission peaks occur at 394, 416, and 441 nm, with a broad unresolved band located in the 460-520 nm spectral region.
1.35)1S--in hopes of facilitating faster redissolution.
Dichloromethane has now replaced carbon tetrachloride as the recommended chlorinated hydrocarbon because many PAHs are known to undergo rapid photochemical reactions in carbon tetrachloride. :9-2~ Reactions between PAH molecules and dichloromethane appear to be much slower and, on the basis of our past studies, are not expected to significantly affect the emission intensity ratios. A fifth screening solvent, a 50 % by weight binary mixture of 1,1,2-trichlorotrifluroethane plus perfluoro-1,3-dimethylcyclohexane, is being reported for the first time. This particular mixed solvent has a solvent polarity comparable to that of n-hexadecane and is capable of resolving overlapping bands in the pyranthrene emission spectrum into distinct peaks (see Fig. 9 ), which could better facilitate PAH identification in unknown mixtures.
Inspection of Figs. 2-9 reveals that the eight PAH solutes can be divided into two categories, probe or nonprobe molecules, depending upon whether the ratio of emission intensities changes systematically with solvent polarity. For dibenzo[h,rst]pentaphene (DBPP), significant enhancement of the I band (circa 414-418 nm) emission intensity to the V band (circa 469-473 nm) is observed with increasing solvent polarity. Calculated I/V intensity ratios range from DBPP = 1.90 for cyclohexane to DBPP = 4.24 for dimethyl sulfoxide. The I/IV band ratio also varied with solvent polarity; however, the dynamic range was considerably smaller, from I/IV = 0.72 for cyclohexane to I/IV = 1.31 for dimethyl sulfoxide. Numerical emission intensity ratios, along with literature Py values, :s are summarized in Table I . Estimated uncertainties in the measured intensity ratio are believed to be on the order of _+0.05 (or less) on the basis of [1,2,3, 4rst] pentaphene, even at the higher solute concentrations studied. Both dissolved compounds did possess additional excitation and emission bands in the 350-550 nm spectral region, which could be a result of trace PAH impurities, as the observed signal was just barely above the solvent blank and background noise. Attempts to work at higher PAH concentrations failed to significantly increase signal intensities. In addition, the stock solution .of dibenzo[de,kl]naphtho [1,2,3,4rst] pentaphene was blue m color. These latter two compounds are thus labeled nonprobes, as only one major band was observed in the emission spectrum and even the calculated ratios based on the much smaller 350-550 nm emission signals were nearly constant, at least to within the experimental uncertainty. For pyranthrene (see Fig. 9 ), the number of resolvable peaks varied anywhere from 4 to 7 depending upon the solvent being examined, and it was impossible to assign a common set of bands to all 15 solvents.
As additional PAHs are studied, it is important to reexamine our preliminary observations regarding possible [2,1,10,9,8,7pqrstuv ] pentaphene, this C3tHls family member fails to show probe behavior. Although one additional exception has been found in the present study, we still believe that the Kek-ul~ structure count provides a useful criterion with which to initially screen PAHs for future studies. It is still the case that the only definitive method for determining whether a given PAH behaves as a solvent polarity probe is to actually measure its fluorescence properties in various organic solvents.
